Mutation of the p53 tumor suppressor gene is the most common genetic alteration in human cancer. A majority of these mutations are missense mutations in the DNAbinding domain. As a result, the mutated p53 gene encodes a full-length protein incapable of transactivating its target genes. In addition to this loss of function, mutant p53 can have a dominant negative effect over wild-type p53 and/or gain of function activity independently of the wild-type protein.
Introduction
p53 is a sequence-specific transcription factor that functions as a tumor suppressor protein. As such, mutations of the p53 gene are selected for in greater than 50% of all human cancers (Hollstein et al., 1994) . Wild-type p53 is activated in response to cellular stresses, such as oncogene activation (Lowe and Ruley, 1993) , DNA damage (Nelson and Kastan, 1994) , and hypoxia (Graeber et al., 1996) . Following activation, p53 induces downstream effects including cell cycle arrest, DNA repair, and apoptosis, thus preventing the proliferation of damaged cells.
The most common p53 mutations are missense mutations in the DNA-binding domain (DBD), producing a full-length protein that is incapable of binding DNA and is therefore nonfunctional. There are two classes of p53 DBD mutants, conformational mutants and contact site mutants. The conformational mutants, for example, V143A, R249S, and R175H, alter the structure of the protein (Cho et al., 1994) . This alteration is detectable by an antibody (Pab 240) that recognizes residues exposed in the mutant but cryptic in the wild type . The contact site mutants, for example, R248W and R273H, have an altered residue at a site that, in the wild-type protein, directly contacts DNA (Cho et al., 1994; Rolley et al., 1995) . Four of the p53 mutations mentioned above (R249S, R175H, R248W, and R273H) are described as 'hot-spot' mutants because they are among the most prevalent p53 mutations in human cancer (Hollstein et al., 1994) .
In addition to this loss of function, some p53 mutants may have a gain of function, exhibiting oncogenic properties, or a dominant negative effect, inhibiting the function of wild-type p53 . The gain of function mutant exhibits a selective advantage in carcinogenesis (Levine et al., 1991) . This is a potential explanation for why missense mutations account for approximately 74% of p53 mutations in human cancers (Hussain and Harris, 1998) . In mouse models, mutant p53 expression in lymphoblastic leukemia cells or murine fibroblasts resulted in greater tumorigenicity and tissue invasiveness as compared to p53-null cells (Dittmer et al., 1993; Hsiao et al., 1994) . This gain of function is not simply due to loss of function of wildtype p53. p53 mutants actually alter patterns of gene expression. For example, mutant p53 has been found to upregulate the promoters of several genes, including multidrug resistance-1 (MDR-1) (Chin et al., 1992; Dittmer et al., 1993; Chen et al., 1994; Lin et al., 1995; Atema and Chene, 2002 ) and c-myc (Frazier et al., 1998) . While the exact molecular basis for mutant p53 gain of function is still not clear, the ability of mutant p53 to exert oncogenic effects independently of wildtype p53 provides a selective advantage for p53 missense mutation in cancer.
p53 mutants also exhibit a dominant negative effect through inactivation of the function of wild-type p53. This characteristic increases the significance of a single mutant p53 allele. While carcinogenesis requires the loss of both alleles of most tumor suppressor genes, mutation of one allele of p53 can result in loss of function. For example, transgenic mice expressing p53 mutated at residue 135 in a p53 þ /À background had a higher incidence of tumor formation compared to p53 þ / À mice without the transgene (Harvey et al., 1995) . In another model, mice with R172H mutations (equivalent to the human mutation at residue 175) had increased rates of metastasis and decreased loss of heterozygosity (LOH) as compared to p53 þ /À mice (Liu et al., 2000) . These results reveal that the mutant was capable of inducing carcinogenesis in the presence of wild-type p53, indicative of a dominant negative phenotype. This phenomenon is also applicable to human cancers. In a study of families with Li-Fraumeni Syndrome, which is characterized by germline p53 mutation, patients with missense mutations exhibited earlier age of diagnosis and decreased incidence of LOH as compared to patients with mutations that resulted in truncated p53 protein (Birch et al., 1998) . Also, as compared to recessive mutations or wild-type p53, dominant negative mutations are associated with an earlier age of onset in patients with sporadic glioblastoma (Marutani et al., 1999) .
While the dominant negative effect clearly occurs in cancer models, the mechanism by which it occurs has not been fully elucidated. There are several hypotheses that have been proposed to explain this effect. Mutant p53 has been shown to heterotetramerize with wild-type p53 Chene, 1998) . This is not unexpected because most p53 DBD missense mutants have no alteration in the tetramerization domain. have suggested that this heterotetramerization of mutant with wild-type p53 converts the wild-type protein to an inactive, mutant conformation ). While this explanation may be relevant for p53 conformational mutants, it might fail to explain the dominant negative effect exhibited by contact site mutants. For example, the monoclonal antibody (Pab240) that recognizes the mutant conformation does not interact with p53 proteins with mutations at DNA contact sites, such as residues R248 or R273 Ory et al., 1994; Chene, 1998) . The dominant negative effect of these p53 mutants has been proposed to be due to the insufficient participation of the mutant in transactivation of certain p53 targets. In other words, the wildtype/mutant heterotetramer fails to bind DNA with as high affinity as a wild-type p53 homotetramer would bind (Friedlander et al., 1996; Chene, 1998; Nicholls et al., 2002) . This hypothesis can also explain why mutant p53 is sometimes dominant negative for transactivation of target genes associated with apoptosis (BAX, IGFBP3), for which p53 has lower affinity, but recessive for transactivation of target genes associated with cell cycle arrest (p21, GADD45) or p53 negative regulator (MDM2) for which p53 has higher affinity (Friedlander et al., 1996; Ludwig et al., 1996; Delia et al., 1997; Ryan and Vousden, 1998; Aurelio et al., 2000; Szak et al., 2001; Monti et al., 2002; Qian et al., 2002) .
Although these proposed mechanisms offer a good explanation of the dominant negative effect, there are other possibilities that do not require heterotetramerization of wild-type and mutant p53. The ability of mutant p53 to inhibit wild-type p53 could be due, in part, to binding of the mutant to transcriptional cofactors that are necessary for wild-type p53 activity. This squelching effect could involve cofactors, such as components of the TFIID and TFIIH complexes (Xiao et al., 1994; Horikoshi et al., 1995; Lu and Levine, 1995; Wang et al., 1995) , which are known to bind to p53, or a unique, as yet unknown, factor required for p53 transactivational activity (Joers et al., 1998) . This hypothesis is supported by the ability of p53 mutants to inhibit the activity of a p53 monomer that is incapable of forming tetramers (Joers et al., 1998) . It is likely that the dominant negative effect can be attributed to a combination of these mechanisms, depending on the mutant conformation, the affinity of the mutant for p53 targets, the DNAbinding site, and the cell type and relevant cofactors.
To systemically analyse the dominant negative effect of mutant p53 in vivo, we have created several stable cell lines capable of inducibly expressing mutant p53 alone, wild-type p53 alone, or both proteins concurrently. Using this dual inducible system, we have found that the p53 mutants, R175H, R248W, and R273H, reduce the ability of the wild-type protein to suppress cell proliferation. Upon further investigation of the contact site mutant R273H and the conformational mutant R175H, we have found that these mutants reduce the ability of wild-type p53 to transactivate its target genes. To understand the mechanism of this inhibition, we used chromatin immunoprecipitation (ChIP) and showed that mutant p53 exerts its dominant negative effect by reducing the ability of the wild-type protein to bind to the p53 responsive element in its target genes, and consequently its transcriptional activity.
Results

Expression of mutant and wild-type p53 in the dual inducible system
Using the dual inducible system (Willis et al., 2003) , we have established stable cell lines that express mutant p53 in the tetracycline-repressible system and wild-type p53 in the ecdysone-inducible system (Figure 1 ). Since p53 mutants in the DNA-binding domain are translated as full-length proteins, it is difficult to distinguish these proteins by SDS-PAGE. Therefore, we took advantage of the nontumor-derived polymorphism at position 72 of p53, encoding either a proline or an arginine. These polymorphic variants display different migration patterns on SDS-PAGE (Harris et al., 1986) . For example, in Figure 1a and c, the HA-tagged mutant protein with arginine at codon 72 migrated faster than the Flagtagged wild-type p53 protein with proline at residue 72. Alternatively, in Figure 1b , both wild-type p53 and mutant p53(248) have proline at codon 72, but the mutant protein migrated more slowly because it is HA tagged while the wild-type is untagged. The use of antip53 antibodies allows us to compare the level of mutant and wild-type p53 by Western blot analyses (Figure 1 ). The dual inducible system provides a unique way to investigate the dominant negative effect of mutant p53 because the activity of the wild-type protein in the presence or absence of mutant p53 can be evaluated in the same cellular background.
To ascertain that the wild-type p53 expressed by this dual inducible system is transcriptionally active, we determined the induction of p21, a known p53 target gene. As shown in Figure 1a -c (middle panel), p21 was highly induced by wild-type p53, but not mutant p53. Interestingly, induction of p21 by wild-type p53 was diminished in the presence of conformational (Figure 1a ) or contact site (Figure 1b ,c) p53 mutants. This indicates that mutant p53 is dominant negative over wild-type p53.
Mutant and wild-type p53 interact physically and are coexpressed when both are expressed in the dual inducible system It is known that mutant and wild-type p53 form a heterotetramer both in vitro and in vivo . Thus, we investigated the physical relationship of these proteins in our system. The interaction between mutant and wild-type p53 was determined by immunoprecipitation/Western blot analyses. When the HA-tagged mutant p53(R273H) was immunoprecipitated by anti-HA antibody, the FLAGtagged wild-type p53 was found in the anti-HA immunoprocipitates only from cell extracts containing both mutant and wild-type p53 (Figure 2 , compare lane 8 with lanes 5-7).
Figure 2 Mutant and wild-type p53 interact physically in vivo. Cell extracts were prepared from cells (cell line #208) uninduced (lanes 1 and 5), induced to express HA-tagged mutant p53(R273H) (lanes 3 and 7), FLAG-tagged wild-type p53 (lanes 2 and 6), or both (lanes 4 and 8). For lanes 1-4, the Western blot was probed with anti-p53 antibody. For lanes 5-8, cell lysates were immunoprecipitated with anti-HA antibody (lanes 5-8) and the proteins in the immunoprecipitates were then detected with anti-FLAG antibody (right panel on the top) or anti-p53 antibody (right panel on the bottom) Figure 1 Establishment of stable cell lines inducibly expressing mutant p53, wild-type p53, or both proteins concurrently. Using the dual inducible system, cell lines were established that can inducibly express wild-type p53 and one of the p53 hot-spot mutants: R175H (a), R248W (b), or R273H (c). Cells were induced to express neither protein (lane 1), p53 mutant alone (lane 2), wildtype p53 alone (lane 3), or both proteins concurrently (lane 4) for 24 h. Cell extracts were collected and proteins resolved by SDS-PAGE. p53 expression was detected by probing with ap53 antibodies Pab1801 and Pab421. p21 expression was detected with the polyclonal antibody ap21. The membrane was probed with actin as a loading control
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Although mutant and wild-type p53 expression was selected for in our stable cell lines, we wanted to ensure that these proteins were being expressed within the same cell. This was accomplished using immunofluorescence staining of HA-tagged mutant p53(R273H) and FLAGtagged wild-type p53. As shown in Figure 3 , mutant p53 was detected by polyclonal anti-HA antibody (red) and wild-type p53 by monoclonal anti-FLAG antibody (green) in the same cell when both proteins were induced. When these images were merged, the fluorescent signal was altered, suggesting that mutant and wild-type p53 were localized in the same compartment of nucleus. Therefore, the diminished induction of p21 is likely due to the direct dominant negative effect of mutant p53 on wild-type p53.
Mutant p53 inhibits the ability of wild-type p53 to transactivate its target genes
The decreased induction of p21 protein (Figure 1) indicates that mutant p53 inhibits the ability of wildtype p53 to transactivate the p21 gene. Previous studies have shown that mutant p53 can inhibit the ability of wild-type p53 to regulate p53-responsive reporters (Kern et al., 1992; Joers et al., 1998; Aurelio et al., 2000) . The dual inducible system is advantageous in that it allows us to evaluate transactivation of endogenous p53 target genes. This analysis brings us closer to understanding the mechanism of the dominant negative effect. At the transcript level, both conformation mutant p53(R175H) and contact site mutant p53(R273H) markedly reduced the ability of wild-type p53 to increase expression of genes involved in the cell cycle arrest (p21), apoptosis (PIG3 and FDXR), and the p53 negative regulator (MDM2) (Figure 4 ).
Mutant p53 inhibits the ability of wild-type p53 to bind to the p53 responsive element in its target genes
The ability of p53 to bind to the p53 responsive element in the promoter of its target genes in the presence of mutant p53 has been explored in vitro (Chene, 1998; Nicholls et al., 2002) . To explore this further in vivo, we have used ChIP assay ( Figure 5 ). Upon exploration of the effect of the contact site mutant R273H, we have found that this mutant reduced the ability of wild-type p53 to bind to the p21 promoter by 34%, and to the MDM2 promoter by 36% ( Figure 5, right panel) . Interestingly, mutant p53 almost completely abrogated the ability of wild-type p53 to bind to the promoter of the PIG3 gene ( Figure 5, right panel) . Similarly, the conformational mutant p53(R175H) also reduced the binding of wild-type p53 to the p21 promoter (55%), the MDM2 promoter (15%), and the PIG3 promoter (83%) (Figure 5, left panel) . We would like to mention Figure 3 Mutant and wild-type p53 are expressed in the same cell. Cells were seeded in four-well chamber slides, induced for 24 h in appropriate induction media and stained for mutant (anti-HA) and wild-type (anti-Flag) p53. Nuclear stain is blue, mutant p53 stain is red, and wild-type p53 stain is green Figure 4 Mutant p53 decreases the ability of wild-type p53 to transactivate its target genes. Northern blots were prepared using 10 mg of total RNA purified from cells induced to express neither protein, mutant p53 alone, wild-type p53 alone, or both proteins concurrently for 24 h. The blots were probed with p21, MDM2, PIG3, FDXR, and GAPDH cDNAs, respectively. Fold induction was calculated as compared to control samples in which neither protein was expressed Effects of mutant p53 A Willis et al that these results were confirmed from at least two different collections of ChIP samples for each mutant tested.
Mutant p53 reduces the ability of wild-type p53 to suppress cell proliferation Wild-type p53 is capable of suppressing cell proliferation through several pathways, including cell cycle arrest and apoptosis. Mutant p53, however, is not capable of inhibiting cell growth. To determine the ability of wildtype p53 to perform this antiproliferative function in the presence of mutant p53, we evaluated the growth rate of cells expressing neither protein, mutant p53 alone, wildtype p53 alone, or both proteins concurrently. As shown in Figure 6 , wild-type p53 completely inhibited cell proliferation. In contrast, cells expressing mutant p53 proliferated at the same rate as control cells. Interestingly, coexpression of mutant p53 with wild-type p53 impeded the growth inhibition by the wild-type protein. This effect was observed with both conformational (Figure 6a ) and contact site (Figure 6b ,c) mutants.
Dominant negative mutant p53 disrupts induction of cell cycle arrest by wild-type p53
Several groups have reported that induction of apoptosis, but not cell cycle arrest, by wild-type p53 is inhibited by transiently overexpressed dominant negative p53 (Ryan and Vousden, 1998; Aurelio et al., 2000; Nicholls et al., 2002) . To investigate these effects in our system, we analysed the DNA content of cells induced to express neither protein, mutant p53 alone, wild-type p53 alone, or both proteins concurrently ( Figure 7 ). As expected, mutant p53 was unable to induce G1 arrest, while wildtype p53 induced G1 arrest as demonstrated by an increased percentage of cells with G1 DNA content. This increase was diminished upon coexpression of mutant p53 with wild-type protein. For example, the percentage of cells in G1 was reduced from 88.8% in the presence of wild-type p53 alone to 80.6% in the presence of both wild-type and mutant p53(175) (Figure 7, top  panel) . In addition, reduced antiproliferative capacity of Figure 5 p53(R273H) and p53(R175H) decrease the binding of wild-type p53 to its target genes. ChIP was performed using cell extracts from cells induced to express wild-type p53 alone, or both wild-type and mutant proteins concurrently. Wild-type p53-DNA complexes were immunoprecipitated by anti-Flag antibody. AntiMyc antibody was used as a negative control. PCR was used to identify DNA to which wild-type p53 was bound. Samples were normalized to input and the fold decrease in binding was calculated for wild-type p53 alone compared to wild-type p53 expressed in the presence of mutant p53 Figure 6 Mutant p53 inhibits the ability of wild-type p53 to suppress cell proliferation. Cells were induced to express neither protein, p53 mutant alone, wild-type p53 alone, or both concurrently. Growth rates were evaluated over 5 days
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A Willis et al wild-type p53 in the presence of mutant p53 was further demonstrated by the increased percentage of cells in S phase (9.1%) as compared to cells expressing wild-type p53 alone (3.6%) (Figure 7 , top panel). These results support a dominant negative role of mutant p53 in cell cycle arrest. Similarly, contact site p53 mutants (R248W and R273H) diminished the ability of wild-type p53 to induce cell cycle arrest ( Figure 7 , middle and bottom panels).
Discussion
We have shown that both conformational (R175H) and contact site (R248W and R273H) mutants exhibit a dominant negative activity over wild-type p53. This is demonstrated by the ability of mutant p53 to inhibit the activity of the wild-type protein in suppressing cell proliferation and in inducing cell cycle arrest. We also showed that mutant p53 inhibits the ability of wild-type p53 to bind to the p53 responsive element in the promoter of its target genes and subsequently its ability to transactivate its target genes. The dual inducible system is unique in that it allows us to investigate the effect of expression of wild-type and mutant p53, alone or in combination, within the same cell. Several studies, in both mice and humans, have demonstrated a carcinogenic advantage to cells expressing mutant p53, either in the presence or absence of wild-type p53 (Dittmer et al., 1993; Hsiao et al., 1994; Harvey et al., 1995; Birch et al., 1998; Marutani et al., 1999; Liu et al., 2000) . The observed dominant negative effect has sparked interest in the mechanism behind this Figure 7 Mutant p53 inhibits the ability of wild-type p53 to induce cell cycle arrest. Cells were induced to express neither protein (Control), mutant p53 alone, wild-type p53 alone, or both proteins concurrently (mutant þ wild type). DNA histogram analysis was used to determine the percentage of cells in each phase of the cell cycle as detected by propidium iodide staining of DNA Effects of mutant p53 A Willis et al phenomenon. It has been demonstrated that dominant negative p53 mutants decrease the ability of wild-type p53 to upregulate p53 responsive reporters (Kern et al., 1992; Friedlander et al., 1996; Ludwig et al., 1996; Joers et al., 1998; Aurelio et al., 2000) . However, little is known about the comparative ability of wild-type p53 to transactivate endogenous targets in the absence and presence of mutant p53. The dual inducible system provides a way to compare these activities in the same cellular background, eliminating the effect of differences in available transcriptional cofactors and inherent proliferation rates of different cell lines.
To determine the mechanism of the dominant negative activity, we have performed ChIP to investigate whether mutant p53 prevents the wild-type protein from sequence-specific binding to the promoter of its target genes. This method is advantageous because it allows exploration of DNA binding in vivo. The dual inducible system allows comparison of this binding in cells expressing wild-type p53 alone to cells expressing wildtype p53 in the presence of a mutant p53. Thus, our data have provided convincing evidence that the dominant negative activity of mutant p53 is through inhibition of wild-type p53 to bind to the p53 responsive element and subsequently, its transcriptional activity.
It has been suggested that an excess of mutant p53 over wild-type p53 is required to exert the dominant negative effect (Blagosklonny, 2000) . However, our results showed that, although wild-type and mutant p53 were expressed concurrently at an equivalent level (Figure 1) , the mutant is capable of inhibiting wild-type function. As mutant p53 does not activate expression of its negative regulator, MDM2, nor is it degraded by MDM2 (Prives and Hall, 1999; Peng et al., 2001) , it is more stable than wild-type p53. Therefore, in cancer cells, it is likely that mutant p53 accumulates to a greater extent than the wild-type protein, increasing its dominant negative activity.
While previous reports have indicated that p53 mutants are more likely to be dominant negative in induction of apoptosis than cell cycle arrest, the dual inducible system has allowed us to show that this effect is also evident in induction of G1 arrest. This evaluation is easier because we can compare expression of mutant p53 in the absence or presence of wild-type p53 in the same cellular background. We have shown that, although mutant p53 does not completely abrogate the ability of wild-type p53 to induce cell cycle arrest, it definitely decreases its capacity to do so.
Materials and methods
Plasmids
Flag-tagged p53 was generated by TA cloning into pGEMT Easy using 5 0 primer Flag p53 (AAGGATCCACCATGGAT-TACAAGGA TGACGACGATAAGGAGGAGCCGCAGT-CAGAT) and the 3 0 primer Tap p53 3 0 (GCCGGGCGGGGGTGTGGAATCAAC). This fragment was cloned into pIND p53 at the BamHI and PvuII sites. p53 mutants (R175H with Arg72, R248W with Pro72, and R273H with Arg72) were excised from pCMV-175, pCMV-248, and pCMV-273, respectively (kindly provided by Bert Vogelstein) and cloned into pUHD 10-3 at its BamHI sites to produce 10-3 expression vectors containing p53(175)Arg72, p53(248)Pro72, and p53(273)Arg72, respectively. To make HA-tagged p53(175)Pro72, p53(273)Pro72, and p53(248)Pro72, the N-terminal region (residues 2-143: PvuII site) of the HA-tagged wild-type p53 was used to substitute the corresponding region in mutant p53. To make HA-tagged p53(175)Arg72, the N-terminal region (residues 2-39: BsrDI site) of HA-tagged wild-type p53 was used to substitute the corresponding region in p53(175)Arg72. To make HA-tagged p53(273)Arg72, the region of the HA-tagged construct (p53(175)Arg72) with arginine at codon 72 (residues 2-143: PvuII site) was used to substitute the region of mutant constructs containing proline at codon 72.
Establishment of a dual inducible system and stable cell lines
H1299 is a p53-null human non-small cell lung carcinoma cell line. Cells were cultured in Dulbecco's modified Eagle's medium (DMEM) (Gibco, Invitrogen Corp., Carlsbad, CA, USA) supplemented with 10% fetal bovine serum. All inductions were cultured in DMEM with 10% tet-system approved serum. To establish the dual inducible system, H1299 cells were transfected with the tetracycline-repressible system regulatory vector, 15-1 neo and selected with 500 mg/ml neomycin (G418) to establish H24 cells as previously described (Chen et al., 1996) . These cells were subsequently transfected with the ecdysone-inducible system regulatory vector, pVgRXR and selected with zeocin (250 mg/ml) to establish HTE20 cells. HTE20 cells were then cotransfected with three plasmids: (1) pBabe (Morgenstern and Land, 1990) , (2) a 10-3 vector containing one of the p53 mutants, and (3) a pIND vector containing wild-type p53. Cells were selected with 1 mg/ ml puromycin (Sigma Chemical Co., St Louis, MO, USA). Individual clones were screened for inducible expression of wild-type or mutant p53 by Western blot analyses using a mix of anti-p53 monoclonal antibodies Pab 1801 and Pab 421 . The following cell lines express mutant p53 in the tetracycline-repressible system and wild-type p53 in the ecdysone-inducible system: p53(175)Arg72/p53 #317 inducibly expresses p53(175) and p53; p53(248)Pro72/p53 #30 inducibly expresses p53(248) and p53; and p53(273)Pro72/p53 #268 inducibly expresses p53(273) and p53. These cell lines express HA-tagged mutant p53 and untagged wild-type p53. The cell line p53(175)Arg72/p53 #320 inducibly expresses p53(175) and p53 and p53(273)Arg72/p53 #208 inducibly expresses p53 (273) and p53. These cell lines express HA-tagged mutant p53 and Flag-tagged wild-type p53.
Immunoprecipitation and Western analyses
Whole-cell lysates were prepared by incubating at 41C for 30 min in the lysis buffer (0.3 M. NaCl, 20 mM HEPES (pH 7.4), 0.5% Triton X-100, 5 mM NaF, 0.5 mM Na 3 VO 4 , 0.5 mM PMSF, 1 mg/ml leupeptin, and 1 mg/ml antipain). After preclearing with protein G agarose beads, immunoprecipitations were carried out by incubating the extracts with anti-HA antibody at 41C for 1 h. Bound proteins were captured by incubating with protein G agarose beads at 41C for 1 h, washed three times with 0.1 M NaCl/20 mM HEPES (pH 7.4)/0.5% Triton X-100, and resolved on SDS-PAGE. Separated proteins were transferred to nitrocellular membrane and Western blotted with the indicated antibody using standard procedures (Sambrook et al., 1989) , except that horseradish peroxidase-conjugated goat anti-mouse kappa secondary antibody was used. To extract protein for Western blot analysis, cells were washed with 1 Â phosphate-buffered saline (PBS: 8 g NaCl, 0.2 g KCl, 1.44 g Na 2 HPO 4 , and 0.24 g KH 2 PO 4 in 1 l as described in (Sambrook et al., 1989) ), resuspended in 2 Â sample buffer, and denatured by boiling for 5 min. Anti-p53 mouse monoclonal antibodies Pab 1801 and Pab 421 were used. Anti-FLAG monoclonal antibody M2 was purchased from Sigma Chemical Co. (St Louis, MO, USA). Anti-p21 polyclonal antibody C19 was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antiactin polyclonal antibody was purchased from Sigma Chemical Co. (St Louis, MO, USA).
Growth rate analyses
Cells were seeded at approximately 60 000 cells/60-mm plate. Cells were induced to express neither protein, mutant p53 alone, wild-type p53 alone, or both proteins concurrently. The medium was replaced every 72 h. Each day over 5 days, two plates for each of the four inductions were washed with DMEM to remove dead cells. Live cells were trypsinized and samples from each plate were counted three times using a Coulter cell Counter (Coulter Corporation, Miami, FL, USA). The average number of cells from each plate was calculated to determine the growth rate for each induction.
DNA histogram analysis
Cells were seeded at approximately 200 000 cells/100-mm plate and induced to express neither protein, mutant p53 alone, wild-type p53 alone, or both proteins concurrently. At 3 days after induction, both floating cells in the medium and live cells on the plate were collected and fixed with 100% ethanol for at least 1 h at 41C. The fixed cells were centrifuged and resuspended at a concentration of 2 million cells/ml in 1 Â PBS with 20 mg/ml of RNase A and 50 mg/ml of propidium iodide (Sigma Chemical Co., St Louis, MO, USA). The stained cells were analysed in a fluorescence-activated cell sorter (FACSCaliber; Becton Dickson, Menlo Park, CA, USA) within 4 h.
RNA isolation and Northern blot analysis
Total RNA was isolated using Trizol reagent (Invitrogen., Carlsbad, CA, USA). Northern blot analyses were performed as described (Dohn et al., 2001) . The p21 probe was made from a 1.0-kilobase pair EcoRI-EcoRI fragment (el-Deiry et al., 1993) ; the MDM2 probe was made from a 2.1-kilobase pair NotI-SmaI fragment (Oliner et al., 1993) ; and the GAPDH probe was made from a 1.25-kilobase pair PstI-PstI cDNA fragment (Fort et al., 1985) . The PIG3 and FDXR probes were prepared as described (Liu and Chen, 2002; Zhu et al., 1998) .
ChIP
Cells were seeded at approximately 60% confluency and induced to express neither protein, mutant p53 alone, wildtype p53 alone, or both proteins concurrently for 16 h. Cells were collected by scraping and nuclei were extracted on ice in Hypotonic Buffer A (10 mM HEPES, 1.5 mM MgCl 2 , 10 mM KCl, and protease inhibitor cocktail) for 10 min, followed by 0.5% NP-40. Genomic DNA and protein were crosslinked with 1% formaldehyde for 10 min at room temperature. Samples were sonicated to yield 200-to 1000-bp DNA fragments. In all, 1/50th of the sample was removed for input. Following clarification by centrifugation, sonicated lysates were diluted with equal volume of 2 Â RIPA buffer (100 mM Tris-HCl pH 7.4, 2% NP-40, 0.5% Na-deoxycholate, 300 mM NaCl, 2 mM EDTA) and 1 : 100 protease inhibitor cocktail and immunoprecipitated with Anti-Flag antibody M2, ap53Pab 1801/Pab 421, or aMyc 9E10 as a negative control. The immunocomplexes were captured by Protein A/G sepharose beads that were saturated with salmon sperm DNA and washed sequentially with TSE buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl pH 8.1) containing 150 mM NaCl, TSE containing 500 mM NaCl, Buffer III (0.25 M LiCl, 1% NP-40, 1% sodium deoxycholate, 1 mM EDTA, 10 mM Tris-HCl pH 8.1), and TE buffer (10 mM TrisHCl pH 8.0, 0.1 mM EDTA). The immunocomplexes were then eluted twice with elution buffer (1% SDS, 0.1 M NaHCO 3 ) for 15 min at room temperature. Crosslinking was reversed at 651C for at least 6 h. DNA was purified by phenol chloroform extraction and ethanol precipitation and resuspended in 50 ml TE. PCR was performed to detect the p21 promoter fragment with the 5 0 primer p2151 (CAGGCTGTGGCTCTGATTGG) and the 3 0 primer p2131 (TCCAGAGTAACAGGCTAAGG). PCR was performed to detect the MDM2 genomic DNA with the 5 0 primer MDM2RE1F (GGGAGTTCAGGG-TAAAGGTCA) and the 3 0 primer MDM2RE1R (CCTTTTACTGCAGTTTCG). PCR was performed to detect the PIG3 promoter fragment with the 5' primer PIG3 RE F (CCAACGGCTCCTTTCTCTTC) and the 3 0 primer PIG3 RE R (GCTTGACAGAAAGTGCGATTC).
Immunofluorescence
Cells were seeded at approximately 60% confluency on fourwell chamber slides and induced to express neither protein (2 mg/ml tetracycline, no ponasterone), mutant p53 alone (no tetracycline, no ponasterone), wild-type p53 alone (2 mg/ml tetracycline, 2 mM ponasterone), or both proteins concurrently (no tetracycline, 2 mM ponasterone). At 24 h after induction, cells were fixed with 10% formalin in PBS, permeabilized with 0.5% Triton X-100, and blocked with 1% BSA. Fixed cells were incubated for 60 min with the primary antibodies, polyclonal a-HA and mouse monoclonal a-Flag. Cells were then stained for 30 min with the secondary antibodies, Texas Red-conjugated goat anti-rabbit and FITC-conjugated goat anti-mouse (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA). Nuclei were visualized by staining with 4 0 ,6-diamidino-2-phenylindole (DAPI) (Molecular Probes, Inc., Eugene, OR, USA) and mounted with coverslips. Stained cells were analysed by fluorescent microscopy.
